Abstract: Spin observables may reveal much deeper properties of non perturbative hadronic physics than unpolarized quantities. We discuss the polarization of hadrons produced in e + e − annihilation at LEP. We show how final state qq interactions may give origin to non zero values of the off-diagonal element ρ 1,−1 of the helicity density matrix of vector mesons: some predictions are given for K * , φ, D * and B * in agreement with recent OPAL data. We also discuss the relative amount of vector and pseudovector meson states and the probability of helicity zero vector states. Similar measurements in other processes are suggested.
ρ 1,−1 (V ) in the process e − e + →→ V + X The spin properties of hadrons inclusively produced in high energy interactions are related to the fundamental properties of quarks and gluons and to their elementary interactions in a much more subtle way than unpolarized quantities. They test unusual basic dynamical properties and reveal how the usual hadronization models -successful in predicting unpolarized cross-sections -may not be adequate to describe spin effects, say the fragmentation of a polarized quark.
We consider here the spin properties of hadrons created at LEP. It was pointed out in Refs. [1] and [2] that final state interactions between the q andq produced in e + e − annihilations -usually neglected, but indeed necessary -might give origin to non zero spin observables which would otherwise be forced to vanish: the off-diagonal element ρ 1,−1 of the helicity density matrix of vector mesons may be sizeably different from zero [1] due to a coherent fragmentation process which takes into accountinteractions. The incoherent fragmentation of a single independent quark leads instead to zero values for such off-diagonal elements.
We present predictions [3] for ρ 1,−1 of several vector mesons V provided they are produced in two jet events, carry a large momentum or energy fraction z = 2E V / √ s, and have a small transverse momentum p T inside the jet. Our estimates are in agreement with the existing data and are crucially related both to the presence of final state interactions and to the Standard Model couplings of the elementary e − e + →interaction. The helicity density matrix of a hadron h inclusively produced in the two jet event e − e + →→ h + X can be written as [1, 2] 
where ρ(qq) is the helicity density matrix of thestate created in the annihilation of the unpolarized e + and e − ,
The M's are the helicity amplitudes for the e − e + →process and the D's are the fragmentation amplitudes, i.e. the helicity amplitudes for the process→ h + X; the X,λ X stands for the phase space integration and the sum over spins of all the unobserved particles, grouped into a state X. The normalization factors N h and Nare given by:
where D h q is the usual fragmentation function of quark q into hadron h, and
The helicity density matrix for thestate can be computed in the Standard Model and its non zero elements are given by
These expressions are simple but approximate and hold at the Z 0 pole, neglecting electromagnetic contributions, masses and terms proportional to g l V ; the full correct expressions can be found in Ref. [3] .
Notice that, inserting the values of the coupling constants g u,c,t 
Notice that Eqs. (8) and (9) have the same angular dependence, but a different sign for the coefficient in front, which is negative for the Z contribution. By using the above equations for ρ(qq) into Eq. (1) one obtains the most general expression of ρ(h) in terms of thespin state and the unknown fragmentation amplitudes.
Despite the ignorance of the fragmentation process some predictions can be made [3] by considering the production of hadrons almost collinear with the parent jet: the→ h + X fragmentation is then essentially a c.m. forward process and the unknown D amplitudes must satisfy the angular momentum conservation relation [4] 
where θ h is the angle between the hadron momentum, h = zq + p T , and the quark momentum q, that is
The bilinear combinations of fragmentation amplitudes contributing to ρ(h) are then not suppressed by powers of (p T /z √ s) only if the exponent in Eq. (10) is zero, which greatly reduces the number of relevant helicity configurations. The fragmentation process is a parity conserving one and the fragmentation amplitudes must then also satisfy the forward parity relationship
Before presenting analytical and numerical results for the coherent quark fragmentation let us remember that in case of incoherent single quark fragmentation Eq. (1) becomes
where ρ(q) is the quark q helicity density matrix related to ρ(qq) by
In such a case angular momentum conservation for the collinear quark fragmentation requires λ q = λ h + λ X ; the Standard Model computation of ρ(q) gives only non zero diagonal terms [ρ ++ (q) = ρ +−;+− (qq) and ρ −− (q) = ρ −+;−+ (qq)], and one ends up with the usual probabilistic expression
where
is the polarized fragmentation function of a q with helicity λ q into a hadron h with helicity λ h . Off-diagonal elements of ρ(h) are all zero.
Let us consider first the case in which h is a spin 1/2 baryon. It was shown in Ref. [2] that in such a case the coherent quark fragmentation only induces small corrections to the usual incoherent description
That is, the diagonal elements of ρ(B) are the same as those given by the usual probabilistic formula (15), with small corrections of the order of (p T /z √ s) 2 , while off-diagonal elements are of the order (p T /z √ s) and vanish in the p T / √ s → 0 limit. The matrix elements of ρ(B) are related to the longitudinal (P z ) and transverse (P y ) polarization of the baryon:
Some data are available on Λ polarization, both longitudinal and transverse, from ALEPH Collaboration [5] and they do agree with the above equations. In particular the transverse polarization, at √ s = M Z , p T ≃ 0.5 GeV/c and z ≃ 0.5 is indeed of the order 1%, as expected from Eq. (17).
In case of final spin 1 vector mesons one has, always in the limit of small
Again, the diagonal elements have the usual probabilistic expression; however, there is now an off-diagonal element, ρ 1,−1 , which may survive even in the p T / √ s → 0 limit. In the sequel we shall concentrate on it. Let us first notice that, in the collinear 
with
We also notice that the two fragmentation amplitudes appearing in Eq. (21) are related by parity and their product is always real. ρ 00 and ρ 1,−1 can be measured through the angular distribution of two body decays of V .
In order to give numerical estimates of ρ 1,−1 we make some plausible assumptions
The first of these assumptions simply means that quarks with helicity 1/2 (−1/2) cannot fragment into vector mesons with helicity −1 (+1). This is true for valence quarks assuming vector meson wave functions with no orbital angular momentum, like in SU (6) . The second assumption is also true in SU(6) with α V q = 1/2 for any valence q and V . Rather than taking α V q = 1/2 we prefer to relate the value of α V q to the value of ρ 00 (V ) which can be or has been measured. In fact, always in the p T → 0 limit, one has [3] 
If α V q is the same for all valence quarks in V (α V q = α V ) one has, for the valence quark contribution:
Finally, one obtains [3]
We shall now consider some specific cases in which we expect Eq. (29) to hold; let us remind once more that our conclusions apply to spin 1 vector mesons produced in e − e + →→ V + X processes in the limit of small p T and large z, i.e., to vector mesons produced in two jet events (e − e + → qq) and collinear with one of them (p T = 0), which is the jet generated by a quark which is a valence quark for the observed vector meson (large z). These conditions should be met more easily in the production of heavy vector mesons.
One obtains [3] :
Eqs. (30)- (35) show how the value of ρ 1,−1 (V ) are simply related to the offdiagonal helicity density matrix element ρ +−;−+ (qq) of thepair created in the elementary e − e + →process; such off-diagonal elements would not appear in the incoherent independent fragmentation of a single quark, yielding ρ 1,−1 (V ) = 0.
By inserting into the above equations the value of ρ 00 when available [6] and the expressions of ρ +−;−+ , Eq. (8), one has:
Finally, in case one collects all meson produced at different angles in the full available θ range (say α < θ < π − α, | cos θ| < cos α) an average should be taken in θ, weighting the different values of ρ 1,−1 (θ) with the cross-section for the e − e + → V +X process; this gives [3] :
These results have to be compared with data [6] ρ 1,−1 (D * ) = −0.039 ± 0.016 for z > 0.5 cos α = 0.9 (44) ρ 1,−1 (φ) = −0.110 ± 0.070 for z > 0.7 cos α = 0.9 (45)
which shows a good qualitative agreement with the theoretical predictions. We notice that while the mere fact that ρ 1,−1 differs from zero is due to a coherent fragmentation of thepair, the actual numerical values depend on the Standard Model coupling constants; for example, ρ 1,−1 would be positive at smaller energies, at which the one gamma exchange dominates, while it is negative at LEP energy where the one Z exchange dominates. ρ 1,−1 has also a peculiar dependence on the meson production angle, being small at small and large angles and maximum at θ = π/2. Such angular dependence has been tested in case of K * 0 production and indeed one has [6] , in agreement with Eqs. (35) and (8) ,
4. Diagonal elements of ρ(V ) and P V ≡ V /(V + P )
Let us consider now the diagonal element ρ 00 (V ) -for which the probabilistic interpretation, Eq. (19) holds -together with the production of pseudoscalar mesons; that is, we consider the production of the pseudoscalar mesons P = K, D, B and the corresponding vector mesons V = K * , D * , B * : data are available on ρ 00 (V ) and the ratio of vector to vector + pseudoscalar mesons, P V ≡ V /(V + P ) [6, 7] .
We denote by P λ S the probability that the fragmenting quark produces a meson with spin S and helicity λ and consider only the production of vector and pseudovector mesons. Then we have [8, 9] :
and P
±1
1 + P 0 1 + P 0 0 = 1. In terms of the fragmentation functions this reads:
Notice that, by parity invariance, the above quantities are independent of the quark helicity. Statistical spin counting would give
that is ρ 00 = 1 3
so that the vector meson alignment is zero:
From data [7] one obtains [9] Let us consider our results, Eqs. (53)-(55). For strange mesons the data agree with spin counting in the amount of K versus K * , but, among vector mesons, helicity zero states seem to be favoured; these are in absolute the most abundantly produced, P 
